Pharmacological augmentation of neuronal KCNQ muscarinic (M) currents by drugs such as retigabine (RTG) represents a first-in-class therapeutic to treat certain hyperexcitatory diseases by dampening neuronal firing. Whereas all five potassium channel subtypes (KCNQ1-KCNQ5) are found in the nervous system, KCNQ2 and KCNQ3 are the primary players that mediate M currents. We investigated the plasticity of subtype selectivity by two M current effective drugs, retigabine and zinc pyrithione (ZnPy). Retigabine is more effective on KCNQ3 than KCNQ2, whereas ZnPy is more effective on KCNQ2 with no detectable effect on KCNQ3. In neurons, activation of muscarinic receptor signaling desensitizes effects by retigabine but not ZnPy. Importantly, reduction of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) causes KCNQ3 to become sensitive to ZnPy but lose sensitivity to retigabine. The dynamic shift of pharmacological selectivity caused by PIP 2 may be induced orthogonally by voltagesensitive phosphatase, or conversely, abolished by mutating a PIP 2 site within the S4-S5 linker of KCNQ3. Therefore, whereas drugchannel binding is a prerequisite, the drug selectivity on M current is dynamic and may be regulated by receptor signaling pathways via PIP 2 . . They open at subthreshold voltages and the channel activity is functionally down-regulated by G protein coupled receptor (GPCR) signaling pathways through intracellular secondary messengers, primarily phosphatidylinositol 4,5-bisphosphate (PIP 2 ) (1, 2). In the nervous system, KCNQ2 and KCNQ3 subtypes are major determinants for potassium current sensitive to muscarinic (M) receptor signaling, hence also known as M current (3). The combination of sensitivity to subthreshold voltages and down-regulation by receptor signaling makes M current a critical component for controlling membrane potential in the nervous system, and consequently neuronal firing (4-6). KCNQ2-5 channels, with few exceptions (7), are primarily expressed in the brain and peripheral nervous system. KCNQ1, although it is found in brain (8), is more abundantly expressed in the heart to mediate slow delayed rectifier K + current (also known as I Ks ) that contributes to the termination of action potential, hence regulating QT duration (9).
Pharmacological augmentation of neuronal KCNQ muscarinic (M) currents by drugs such as retigabine (RTG) represents a first-in-class therapeutic to treat certain hyperexcitatory diseases by dampening neuronal firing. Whereas all five potassium channel subtypes (KCNQ1-KCNQ5) are found in the nervous system, KCNQ2 and KCNQ3 are the primary players that mediate M currents. We investigated the plasticity of subtype selectivity by two M current effective drugs, retigabine and zinc pyrithione (ZnPy). Retigabine is more effective on KCNQ3 than KCNQ2, whereas ZnPy is more effective on KCNQ2 with no detectable effect on KCNQ3. In neurons, activation of muscarinic receptor signaling desensitizes effects by retigabine but not ZnPy. Importantly, reduction of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) causes KCNQ3 to become sensitive to ZnPy but lose sensitivity to retigabine. The dynamic shift of pharmacological selectivity caused by PIP 2 may be induced orthogonally by voltagesensitive phosphatase, or conversely, abolished by mutating a PIP 2 site within the S4-S5 linker of KCNQ3. Therefore, whereas drugchannel binding is a prerequisite, the drug selectivity on M current is dynamic and may be regulated by receptor signaling pathways via PIP 2 . . They open at subthreshold voltages and the channel activity is functionally down-regulated by G protein coupled receptor (GPCR) signaling pathways through intracellular secondary messengers, primarily phosphatidylinositol 4,5-bisphosphate (PIP 2 ) (1, 2). In the nervous system, KCNQ2 and KCNQ3 subtypes are major determinants for potassium current sensitive to muscarinic (M) receptor signaling, hence also known as M current (3) . The combination of sensitivity to subthreshold voltages and down-regulation by receptor signaling makes M current a critical component for controlling membrane potential in the nervous system, and consequently neuronal firing (4-6). KCNQ2-5 channels, with few exceptions (7) , are primarily expressed in the brain and peripheral nervous system. KCNQ1, although it is found in brain (8) , is more abundantly expressed in the heart to mediate slow delayed rectifier K + current (also known as I Ks ) that contributes to the termination of action potential, hence regulating QT duration (9) .
Retigabine (RTG) or ethyl N-[2-amino-4-[(4-fluorophenyl) methylamino] phenyl]carbamate, a positive allosteric modulator (or an opener) for neuronal KCNQ channel, is a first-in-class therapeutic for antiepileptic treatment (10) (11) (12) . Its clinical use to dampen the hyperexcitatory activity has greatly intensified the interest in a more detailed understanding of chemical augmentation of voltage-sensitive channel activity. Retigabine has selectivity for KCNQ2, -3, -4, and -5 potassium channels but not KCNQ1 potassium channels (13) . Tryptophan (W) 236 in KCNQ2 is conserved among the sensitive channels. Interestingly, KCNQ2 channels with W236L mutation (or KCNQ2
W236L
) are functional but no longer sensitive to retigabine (14, 15) . This and other evidence supports the idea that W236 is a key molecular determinant for the drug-channel interaction (16) . Differing from retigabine, zinc pyrithione (ZnPy) was reported to augment KCNQ1, -2, -4, and 5 channels. Importantly, it is effective on the retigabineinsensitive, KCNQ2
W236L mutant channel (17) , and coapplication of both retigabine and ZnPy causes hybrid modulation of channel gating (18) . These results support the notion that ZnPy interacts with a site distinct from that of retigabine interaction and have therefore provided evidence that there are multiple compoundchannel interaction sites. Besides retigabine and ZnPy, there are several compounds capable of augmenting KCNQ channels, and several different key residues conferring the drug sensitivity have been identified (19) . Indeed, some of these drugs, although different from ZnPy, also augment the KCNQ2 W236L mutant channels, e.g., ztz240 and ICA-27243 (20) (21) (22) . Recent evidence suggests a direct drug-channel interaction with the voltage-sensing domain (VSD) (23) . Thus, voltage-gated potassium channels like KCNQ are susceptible to varied pharmacological modulation through different interaction sites. However, besides the described differences in subtype selectivity and sensitive residues, little is known about the mechanisms concerning subtype selectivity. More importantly, no description on whether and how selectivity of pharmacological augmentation, which is commonly thought to be static, may be modulated by receptor signaling.
From initial findings with native M currents to recent demonstration with cloned KCNQ channels, it is clear that the activation of GPCR signaling, e.g., by neurotransmitters, suppresses KCNQ channel activity (3, 24) . Ample evidence indicates that PIP 2 plays a critical role. Therefore, we set out to determine the effects of PIP 2 on pharmacological augmentation. Our experiments used two effective drugs: retigabine and ZnPy; and they exhibit different subtype selectivity for KCNQ2 and KCNQ3 channels by similar potency based on EC 50 values. Retigabine is more effective on KCNQ3 than KCNQ2, whereas ZnPy is more effective on KCNQ2 with essentially no detectable effect on KCNQ3. We examined the augmentation effects by manipulating PIP 2 concentrations through receptor signaling, voltage-sensitive phosphatase, and direct application via excised inside-out recording. The effects by PIP 2 were complemented with experiments to identify and examine specific PIP 2 residues in KCNQ channel. 
Results

Effects on Neuronal Firing by Muscarinic Receptor and Chemical
Modulators. PIP 2 at the physiological ambient level is essential for the KCNQ M channel activity (2, 25, 26) . The heteromultimeric KCNQ2/KCNQ3 channels are the primary molecular determinants for the native M current and are targeted by retigabine (3, 27, 28) . Earlier work by others has established that M-current amplitude has strong effects on spontaneous firing of cultured neurons (3). Indeed, both retigabine and ZnPy have been shown to dampen the neuronal firing in isolated neurons in culture. To study the influence by neurotransmitter signaling, we sought to examine the pharmacological augmentation under a more defined condition by specifically activating muscarinic receptor. We recorded action potential firing in isolated hippocampal neurons during a 1-s duration of a 60-pA current injection (Fig. 1A) . Application of 5 μM oxotremorine M (Oxo-M), which suppresses the M current, caused more robust action potential firing upon current injection. When Oxo-M was coapplied with retigabine or zinc pyrithione, the firing frequency displayed dramatic difference, where ZnPy abolished the repetitive firing (Fig.  1A) . Quantification of different amounts of current injection in the presence of Oxo-M versus Oxo-M together with either retigabine or ZnPy again revealed that Oxo-M effects were dominant over retigabine-mediated effects. In contrast, under the same conditions, ZnPy continued to exert strong dampening effects on the firing ( Fig. 1 B and C) . To examine the effects of these drug combinations on sporadic spontaneous firing without current injection as described in Fig. 1A , we recorded the action potential spikes in the presence of 5 μM Oxo-M and followed with the supplement of 10 μM of retigabine or 10 μM ZnPy. Perfusion of Oxo-M alone induced robust spontaneous firing that was accompanied by a depolarizing shift of resting membrane potential. This is consistent with the reduction of M current results from lowered concentration of PIP 2 by activated phospholipase C (PLC) through muscarinic receptor signaling. Coapplication of Oxo-M with retigabine markedly dampened the effects but the firing was still more robust than in the absence of drugs (Fig. 1D ). In contrast, coapplication with ZnPy totally abolished the Oxo-M effects (Fig. 1E) . These results clearly indicate that retigabine and ZnPy, although both are effective in dampening neuronal firing, are clearly different. ZnPy, but not retigabine, is effective and capable of overriding the suppression triggered by activation of muscarinic receptor signaling.
Differential Sensitivity to Muscarinic Receptor-Mediated Suppression.
The difference in overriding physiological suppression via receptor signaling may lie in different mechanisms of action by the pharmacological modulators because both have similar potency in heterologous systems. ZnPy is a small molecule channel activator with selectivity for KCNQ1, -2, -4, and -5 but has no detectable effects on KCNQ3 channel (17, 18) , whereas retigabine is effective on all but KCNQ1 channels (27, 29, 30) . Indeed, even in the presence of coexpression of muscarinic receptor 1 (M1) in cultured cells but in the absence of an agonist, their subtype specificity and difference in modulation of channel gating remain consistent with results of earlier reports (Fig. S1 ). Physiologically, activation of PLC by muscarinic receptor signaling suppresses the KCNQ currents (3, 4) . This nearly quantitative down-regulation is caused by reduction of PIP 2 through the PLC-mediated lipid hydrolysis (25, 31) . To examine whether the pharmacological activators affect PIP 2 level in the absence of the targeted channels, we monitored the PIP 2 level in the presence and absence of activators. Taking advantage of green fluorescent protein fusion with PH domain of phospholipase C, or GFP-PLC-PH (32), a fluorescent protein reporter of the PIP 2 level on the cell membrane, we examined PIP 2 levels by perfusion of ZnPy or retigabine. No detectable changes in PIP 2 levels were found (Fig. S2) , consistent with the notion that these compounds act directly on the channel proteins and have no direct effects on PIP 2 levels.
To examine whether alteration of PIP 2 level affects the openers to exert activity, cDNA for M1 receptor was coexpressed with KCNQ2 channels in Chinese hamster ovary (CHO) cells. Activation of M1 receptor by Oxo-M (5 μM) induced noticeable suppression of the current; the effect was reversible when Oxo-M was removed (Fig. S3) , consistent with the earlier report (26) . Before testing different drug mixtures, we first examined the possibility that differential effects by these activators may be caused by any direct chemical reaction between openers and Oxo-M by analyzing paired mixtures of Oxo-M with openers using high performance liquid chromatography (HPLC). Indeed, the compounds migrated independently and no other species were detectable, consistent with no irreversible compound-compound interaction (Fig. S4) .
In transfected cells expressing both KCNQ2 and M1 receptor, we used whole cell voltage clamp to monitor the current in different combinations of drugs. Once the suppressed current by Oxo-M reached steady state, perfusion of ZnPy (10 μM) caused immediate current augmentation from the suppressed level. Upon removal of ZnPy in the presence of Oxo-M, the channel once again returned to the suppressed level ( Fig. 2A) . Under the same conditions, retigabine at 10 μM showed no detectable augmentation of the suppressed channel activity in the presence of Oxo-M (Fig.  2B) . Depending on the drug combinations, M1-mediated suppression was reversible when Oxo-M was removed. In addition to PIP 2 , Ca 2+ was also implicated in modulation of M current (4). To examine whether calcium is required for the differential effects, we performed the experiments by buffering intracellular Ca 2+ with 10 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA) during the entire recording process. The differential effects of retigabine and ZnPy remained the same (Fig. 2C and  Fig. S5) . Therefore, the differential effects of these openers could be observed in transfected cells, where they appear to be PIP 2 dependent.
Sensitization of KCNQ3 to Pharmacological Augmentation. Unlike other KCNQ subtypes, KCNQ3 is not sensitive to ZnPy (Fig. 3A) , presumably due to the lack of a binding site. In cells coexpressing both KCNQ3 and M1 receptor, application of Oxo-M causes characteristic suppression, indicative of similar responsive characteristics to that of KCNQ2. However, under this condition, application of 10 μM ZnPy rapidly augmented the suppressed KCNQ3 current, and the effect was reversible upon removal of ZnPy. When Oxo-M was washed out, the current recovered to the control level, or sometimes beyond (Fig. 3B and see below) . The gain of sensitivity to ZnPy for KCNQ3 was not caused by any major changes in gating, because most biophysical properties remain largely the same (Fig. 3C and Table S1 ). As noted in earlier reports, homomultimeric KCNQ3 current is small, which potentially led to larger variations in transiently transfected cells. To ascertain the observation, we used KCNQ3 A278T , a mutant at the pore region that confers a larger conductance (G) (33) . This mutant displays similar potency to PIP 2 (34), but remains insensitive to ZnPy under the ambient PIP 2 level. Similar to wild-type KCNQ3, KCNQ3
A278T was augmented by 10 μM ZnPy only in the presence of Oxo-M (Fig.  3D) . The effect of ZnPy was sustained in the presence of a higher concentration of Oxo-M (Fig. 3E) . Hence, KCNQ3, contrary to the earlier speculation due to lack of sensitivity, possesses an interaction site with ZnPy. The functional consequence of ZnPy binding to the channel protein becomes detectable only when the M1 is coexpressed and activated.
To directly test whether the ambient PIP 2 level is the responsible component that silences the functional sensitivity of KCNQ3 to ZnPy, we sought to reduce PIP 2 level by an orthogonal pathway. To this end, we coexpressed KCNQ3 with a voltage-sensitive phosphatase from Danio rerio (Dr-VSP) (35) . At highly depolarized voltages (e.g., +120 mV), Dr-VSP hydrolyzes PIP 2 , hence transiently reducing PIP 2 level. A voltage protocol to measure before or after Dr-VSP action is therefore used (Fig. 4A) , where in the absence of Dr-VSP, KCNQ2 channel displays characteristic voltage response including similar amplitude at −10 mV before and after the +120 mV depolarization. In cotransfected cells, repetitive pulses of −10 mV yielded consistent current. However, once the protocol included +120 mV depolarization, much reduced current was observed (Fig. 4 B and trace b of C) . This agrees with the view that lowered PIP 2 level suppresses KCNQ2 currents. Now in the presence of retigabine, the suppressed currents showed little potentiation. In contrast, application of ZnPy augmented the suppressed current (Fig. 4C, trace e) . These results parallel the experiments activating cotransfected M1 receptor. To examine whether deprived PIP 2 concentration will again confer KCNQ3 sensitivity to ZnPy, we cotransfected KCNQ3 and Dr-VSP. Under the same recording protocol of activating Dr-VSP with +120 mV depolarization, the KCNQ3 was again sensitive to ZnPy only when Dr-VSP is activated (Fig. 4D) . Hydrolysis of PIP 2 by two independent pathways and enzymes leads to a convergent conclusion that reduction of PIP 2 abolishes KCNQ sensitivity to retigabine, although conferring a gain of KCNQ3 sensitivity to ZnPy.
Regulation of Pharmacological Efficacy by PIP 2 . To gain more insight into the ZnPy sensitivity of KCNQ3 channels, we measured apparent affinity and efficacy at different PIP 2 conditions. We first measured the effects by Oxo-M at 2 and 20 μM. Indeed, differential suppression of KCNQ3 currents was confirmed (Fig. 5A) . At 2-μM concentration of Oxo-M, the effects of ZnPy display clear dose-dependent response. Under these conditions, the EC 50 values of ZnPy were 3.4 ± 0.1 μM (n = 8) at 2 μM and 4.2 ± 0.1 μM (n = 8) at 20 μM Oxo-M, respectively (Fig. 5C ). The comparable EC 50 values of ZnPy at two different Oxo-M concentrations argue for increased efficacy when the PIP 2 level is reduced. Characterization of biophysical properties indicated that ZnPy increases the overall conductance but has little or no effect on either V 1/2 or reversal potential (Fig. 5D ). This differs from its effect on KCNQ2, which involves both a hyperpolarizing shift of V 1/2 and an increase in overall conductance (17) .
Identification of a Unique PIP 2 Site Critical for Pharmacological
Sensitivity. Reduction of PIP 2 causes KCNQ3 response to ZnPy (Fig. 4) . In contrast, the lower PIP 2 results in lower sensitivity to retigabine in KCNQ2. For a given channel, such a difference could be the result of specific conformational states sensitive to PIP 2 concentration. For different KCNQ channels, earlier reports suggest they display different requirements for PIP 2 to function (e.g., ref. 34) . Given that ZnPy is effective on KCNQ3 under the condition of a reduced PIP 2 concentration, one would therefore hypothesize specific point mutations in KCNQ3 to remove PIP 2 binding (or coupling) would recapitulate a condition of lower PIP 2 concentration, hence conferring sensitivity to ZnPy without requirement of manipulating PIP 2 directly by enzyme-mediated hydrolysis. Earlier work described positively charged residues critical for PIP 2 sensitivity; most of these residues are localized at the cytoplasmic C terminus between helix A and helix B. This "cationic cluster" forms a predicted structure similar to PIP 2 binding sites in other proteins. Hence it is thought to be the primary site of PIP 2 action (36). When these sites in KCNQ3 are individually mutated, we could not detect any significant changes in sensitivity to ZnPy (Fig. 6 A to C) . The triple mutation of K425E/K432E/K434E yielded no detectable macroscopic current. The lack of effects by mutating the PIP 2 sites at the C-terminal domain raises the question of whether there are alternative PIP 2 sites. Allosteric modulators, such as retigabine and ZnPy, affect voltage sensitivity in channel activation (19, 37 ). NH29 appears to directly act on voltage-sensor domain (23) . Interaction of free polyunsaturated fatty acids (PUFAs) with residues near the end of S4 has been implicated in Shaker channel activation (38) . Furthermore, a positively charged residue in the S4-S5 linker, R326, was recently demonstrated as a PIP 2 site in Kv1.2 channel, where a mutation of this residue causes major change in PIP 2 sensitivity (39). Despite limited sequence homology between Kv1.2 and Kv7 channels within the S4-S5 linker, based on the boundaries of S4 and S5 segments, we noted the corresponding position in KCNQ3 is K222 and this residue is conserved among KCNQ channels except KCNQ1 (Fig. 6A) . The mutant KCNQ3
K222A is functional and has a right-shifted voltage-dependent activation curve (Fig. 6  D-F) , consistent with the general trend seen in Shaker channel (38) . To determine any response of KCNQ3 K222A to PIP 2 , we expressed the KCNQ3 K222A in Xenopus oocytes and recorded the channel via excised inside-out patch. Wild type but not KCNQ3 K222A responded to the intracellular applications of dioctanoyl PIP2 (dic8PIP 2 ) and response was dose dependent (Fig. 6 G and H) . Having confirmed that K222 has marked reduction in PIP 2 sensitivity, we examined whether it might respond to ZnPy. In these experiments, we recorded the mutant channel by applying the same conditions as earlier (Fig. 3) . ZnPy induced robust potentiation and effects are dose dependent and reversible (Fig. 6 I-K) . ZnPy increases whole cell conductance, however with little or no effects on V 1/2 , different from its effects on KCNQ2 (Discussion). Therefore, the K222 in the intracellular S4-S5 loop is a key residue coupled to the action of PIP 2 . In the KCNQ3
K222A background, the ZnPy is fully effective.
Therefore, the ambient PIP 2 -K222 interaction, whether it is direct or indirect, is antagonistic to the effect by ZnPy.
Discussion
Since the initial description of plasma membrane Na + -Ca 2+ exchanger and K ATP channels (40), a wide variety of ion channels have been shown to require PIP 2 to function (31) . More than 300 proteins were shown to interact with PIP 2 by mass spectrometry (41) . Whereas the general estimate suggests PIP 2 represents no more than 1% of phospholipids, under physiological conditions, the absolute concentrations of PIP 2 are difficult to assess due to a variety of factors including possibility of forming highly concentrated PIP 2 clusters. Nonetheless, it is well known that sensitivity to PIP 2 varies significantly depending on proteins and experimental systems (42) . In this study, we examined PIP 2 effects using orthogonal ligand-mediated receptor signaling and voltagemediated activation of phosphatase to manipulate intracellular PIP 2 concentrations. The converging evidence suggests that pharmacological gating modifier ZnPy but not retigabine overrides the neurotransmitter receptor-mediated suppression. Therefore, not only do allosteric modulators exert distinct effects on KCNQ channels supported by identification of alternative sensitive residues by mutagenesis (review in ref. 19 ), but their effects also display considerable variation in response to physiological stimuli (43) . Our results indicate PIP 2 is one key player that endows such differential sensitivity. Reported here is a rather extreme case where PIP 2 , through regulation by receptor signaling, switches subtype specificity of a pharmacological agent.
An exciting result revealed by our experiments is that in addition to a prominent PIP 2 interaction region located at the cytoplasmic C-terminal domain distal from the transmembrane segments, KCNQ channels possess additional PIP 2 sensitive sites. K222 is located within the intracellular linker between S4 and S5 transmembrane segments. Whereas its linear separation from the C-terminal PIP 2 interaction cationic cluster is readily noticeable (Fig.  6 ), perhaps it is more important to recognize these two interaction sites appear to function differently. Admittedly, the primary evidence for the functional difference is revealed by the contrasting response to a pharmacological agent. It is important to recognize mutations of these positively charged residues have a profound effect on voltage dependence, although the residues are not part of the canonical voltage-sensing positive residues in S4. In another earlier report, the mutation at the same site of Kv1.2 also alters voltage dependence (39) . Thus, this residue and its potential interaction with phospholipids are likely to play important roles in KCNQ and other Kv channel physiology, justifying future indepth investigation. The identification of a PIP 2 interaction or sensing site in the S4-S5 linker KCNQ3 (Kv7.3), taking into consideration the conservation among other KCNQ channels, raises the question of whether this is in fact a conserved regulatory site among Kv channels to sense PIP 2 . Indeed, despite the specific residue conservation, the net outcome may differ among different channel proteins. For example, KCNQ2 and KCKN3 are highly homologous proteins but they behave differently in response to PIP 2 and allosteric modulators (e.g., ZnPy and retigabine). This may be related to differences in biochemical binding affinity to drugs, coupling efficacy, and intrinsic channel gating. It should be noted the PIP 2 -sensitive sites within the S4-S5 loop, i.e., K222 in KCNQ3 and R326 in Kv1.2, have not yet been proven to biochemically bind to PIP 2 . Therefore, one could not formally rule out the possibility that the K222 mutant has intact PIP 2 binding but is defective in coupling. Heteromultimeric KCNQ2/KCNQ3 channels are thought to be the major determinants of M currents. Whereas the apparent affinity of retigabine and ZnPy to KCNQ2/3 channels is similar in the heterologous system (17) , their effects on cultured neurons in the presence of Oxo-M were noticeably different (Fig. 1) . It is of interest to determine the potency of retigabine in overriding Oxo-M effects on KCNQ2/3 channels in transfected cells and cultured neurons. The resultant information may have important implications of its pharmacology and whether additional targets, such as GABA, may play a role in retigabine's action.
Suppression of M current by neurotransmitters has been observed in a number of systems. For example, in superior cervical ganglion sympathetic neurons, muscarinic, angiotensin, bradykinin, and purinergic agonists all suppress M currents (44) . Recent studies have shown that inflammatory signals that commonly act through activation of PLC could modulate the efficacy of KCNQ enhancers (43) . What is less well appreciated is whether the physiological ambient PIP 2 concentration is sufficient to mask the effect by a pharmacological agent or a natural ligand, and how commonly it occurs, rendering a perception and sometimes incorrect conclusion of subtype specificity to pharmacological agents. The gain of function for KCNQ3 to sense ZnPy-mediated augmentation in this report indicates the presence of a biochemical binding site and plasticity of efficacy at different PIP 2 concentrations conferred by physiological ligands. Because the effect becomes evident only when the PIP 2 level is reduced, these results serve as evidence that an intracellular second messenger preconditions subtype selectivity. Obviously, these messengers are dynamically controlled by multiple receptor signaling pathways. Consequently, receptor signaling, through transient but significant changes in concentrations of second messenger, may profoundly modulate a drug effect, that in more dramatic cases such as KCNQs could alter subtype specificity. Given that KCNQ2 and KCNQ3 do not match perfectly in brain distribution and that a variety of pharmacological agents have been reported to modulate gating of KCNQ channels, some of which are now being used in clinical settings (19, 37, 45, 46) , the results outlined here raise the possibility of pharmacological synergy or antagonism between KCNQ augmentation and receptor signaling by different classes of pharmacological agents.
Experimental Procedures
Experimental procedures include cDNAs and mutagenesis, fluorescence measurements of PIP 2 hydrolysis, hippocampus neuron culture and recording, oocyte preparation, and macropatch recording. The protocols are described in SI Experimental Procedures and earlier reports (17, 18, (47) (48) (49) (50) (51) . All animal procedures were performed in accordance with the National Institutes of Heath Guide for the Care and Use of Laboratory Animals, under protocols approved and strictly followed by the Johns Hopkins Animal Care and Use Committees. 
